To assess the validity and reliability of a hand-held indirect calorimeter. DESIGN: Resting metabolic rate (RMR) was measured on two separate mornings. SUBJECTS: A heterogeneous sample of 41 healthy adults. MEASUREMENTS: RMR using both a metabolic cart (Sensormedics 2900, SM-2900) and a hand-held indirect calorimeter (BodyGemt, BG). RESULTS: There were no trial-to-trial differences in RMR measured by the BG (67567163 vs 66977163 kJ/day) or the SM-2900 (64007163 vs 63967167 kJ/day). RMR measured by the BG was significantly higher than that measured by the SM-2900 during both trials. In a sample of 10 subjects, the energy cost of holding the BG in position was determined to be (0.1770.04 kJ/ min, or 255784 kJ/day). After applying this adjustment, the differences between systems were no longer significant during trial 1 (mean difference ¼ 101767 kJ/day) or trial 2 (46775 kJ/day). In overweight and obese individuals, RMR measured by the BodyGemt was more accurate than that estimated by the Harris-Benedict equations. CONCLUSION: The BodyGemt provides valid and reliable measurements of RMR. The BodyGemt produces significantly higher values than the Sensor Medics 2900 indirect calorimeter, with the increase largely due to an increased energy demand required to hold the BG in position.
Introduction
The Harris-Benedict equations 1 are widely used in clinical settings and nutritional assessment. Although the original equations can be applied over a wide range of age and body types to obtain a reasonable estimate of resting metabolic rate (RMR), only between 50 and 70% of the variability in RMR is explained by the equations, and the equations systematically overestimate measured RMR by at least 5%. 2 Although numerous equations have been subsequently developed, [3] [4] [5] [6] [7] they have generally not improved upon this level of random error. 2 The use of metabolic carts is the standard in research settings by which RMR is measured. However, because of the cost and complexity, metabolic carts are not a practical option in clinical settings. New technologies are needed in order to provide clinicians with an accurate and easy to use method of measuring RMR.
A recently introduced hand-held indirect calorimeter (BodyGemt, Healthetech, Inc., Goolden, CO, USA) is an example of such technology ( Figure 1 ). The principle of operation of the BodyGemt is based on the fluorescent quenching of ruthenium. The active and reference ruthenium cells are excited by an internal light source. This reaction is quenched by the presence of oxygen, and the amount of quenching is proportional to the concentration of oxygen. The volume of inspired and expired air is measured using ultrasonic sensing technology. A transducer at each end of the flow tube emits sound pulses, and the transmission time from the sending to the receiving transducer is increased or decreased in proportion to the rate and direction of gas flow. Sensors measure relative humidity, temperature and barometric pressure for use in internal calculations. The RMR is calculated from oxygen consumption and a fixed respiratory quotient (RQ) of 0.85 using a modified Weir equation. 8 The small size, portability, ease of use and low cost (B$2000) relative to metabolic carts makes the BodyGemt attractive for use in clinical and educational settings. Previous testing with the BodyGemt using a mechanical metabolic simulator determined that the coefficient of variation for repeated testing is less than 1.5%. 9 The RMR measured by the BodyGemt has been reported to be highly correlated (r ¼ 0.89) and not significantly different than values obtained using the Douglas bag technique. 10 In addition, in a small sample of subjects (N ¼ 14), average daily energy expenditure, estimated from RMR and the thermic effect of food, was reported to be significantly correlated (r ¼ 0.936, Po0.01) and not different from values obtained with a DeltaTrac indirect calorimeter. 10 However, to be accepted as a tool for clinical applications, the validity and reliability of the BodyGemt should be compared against measurements obtained with a metabolic cart in a larger sample of heterogeneous subjects. Therefore, the purpose of this study was to assess the reliability and validity of the BodyGemt, using measurements obtained using a commonly used metabolic cart as the criteria measure.
Subjects and methods

Subjects
In all, 41 adults (Table 1 ) participated in the study. Subjects were nonsmokers and apparently healthy. Pregnant women were excluded from the study. All subjects provided informed written consent. The study protocol was approved by the Colorado Multiple Institutional Review Board. RMR was measured on two mornings, separated by 10710 days (mean7standard error (mean7s.d.) ). On each morning, RMR was measured using both the BodyGemt (BG) and a metabolic cart (SM-2900, model 2900, Sensormedics Metabolic Cart, Yorba Linda, CA, USA) with a ventilated canopy. Tests were performed in a counterbalanced order. Measurements were made in the morning (between 0700 and 1000), after a 12 h fast and at least 24 h abstention from exercise. Upon arriving in the lab, subjects rested quietly in the supine position for approximately 30 min in an isolated room with the temperature maintained between 21 and 241C, after which RMR measurements were obtained with subjects still in the supine position. The SM-2900 measurements were obtained for 15-20 min. The criteria for a valid RMR was 15 min of steady state, determined as o5% variation in minute RQ and minute oxygen consumption. Oxygen consumption and carbon dioxide production were used to calculate RMR according to the formula of Weir. 8 The BG units are programmed to begin collecting data when the first breath is detected and continue until a steady state is reached, as determined using a proprietary algorithm. This algorithm discards a set number of breaths at the beginning of each test and accumulates incremental bins of the breathby-breath RMR data for a set number of breaths. The set number of breaths is repeatedly entered into the 'rolling boxcar' type of a calculation scheme until the slope approaches zero. Incremental blocks of data are then reviewed until the metabolic rate has achieved and maintained a constant value. This constant value is reported as the measured RMR. The algorithm allows the determination of steady state in as little as 5 min and will allow the test to continue until 10 min if no steady state is determined. If the client does not achieve a steady state, their RMR is calculated based on all eligible data points.
Technical specifications and operation of the BodyGemt. The principle of operation of the BodyGemt has been described above. The oxygen sensor has a rapid, 50 ms response time, and the oxygen concentration in the flow path is sampled at 10 Hz. Inspired and expired volumes are Figure 1 The BodyGemt hand-held indirect calorimeter. Body composition. Body composition, including fat-free mass (FFM), was determined using dual-energy X-ray absorptiometry. Measurements were obtained with subjects in the supine position by using a Lunar DPX-IQ bone densitometer (Lunar Corp, Madison, WI, USA). Analysis was performed using Lunar software version 4.3c (extended research analysis option).
Statistical analysis
This study was a repeated measures, within-subjects design.
Prior to the implementation of the analyses, the distribution characteristics of all variables were examined by calculating descriptive statistics (means, medians, modes, skewness) and frequency distributions. Although our data quality assurance process have been designed to provide as clean a data set as possible for the analysis, the initial stage of all statistical analyses was a review of all individual variables for missing data, outliers and distributional properties. Based on this review, no deletions, substitutions or transformations were necessary. The assumptions for valid analysis underlying an ANOVA, normality and homoskedasticity (equality of variances), were examined using the Wilk-Shapiro normality test and the Levene test for homoskedasticity. With these tests, it was determined that there were no significant departures from normality or homoskedasticity. Thus, no data transformation were necessary. Agreement between systems was assessed in two ways. First, after determining that the data satisfied the assumptions of valid parametric statistics, a one-way, repeated measures ANOVA was performed, using a general linear model procedure.
11,12 A significant overall F-statistic was followed by post hoc pairwise comparisons to determine which means differed significantly from the others. A Bonferroni adjustment was applied to control for type I error inflation. Thus, for example, for two pairwise comparisons, an overall a ¼ 0.05, then each comparison required a Pp0.025 (ie 0.05/2 ¼ 0.025) to show statistical significance. Second, the homoskedasticity was explored by inspection of Bland-Altman plots (differences between trials or systems plotted against the mean) 13 and quantified with Pearson's correlations. All analyses were performed using the comprehensive system for statistical analysis, SPSS s 11.0 (SPSS Inc., Chicago, IL, USA, 2002). All statistical tests were two-tailed and conducted at the 5% significance level (ie Po0.05). Unless otherwise stated, data are presented as mean7s.e.
Results
There were no trial-to-trial differences in RMR measured by the SM-2900 (64007163 vs 63967167 kJ/day) or the BG (67567163 vs 66977163 kJ/day). When trial-to-trial differences were analyzed using Bland-Altman plots, there was no significant trend in either the SM-2900 (Figure 2 Figure 4) .
The RMR measured by the BG was significantly higher than that measured by the SM-2900 during both trial 1 (mean difference, 356775 kJ/day, P ¼ 0.0001) and trial 2 (301780 kJ/day, P ¼ 0.0001). Post hoc, we hypothesized that a portion of the elevated RMR measured by the BG may have been due to the increased energy demands required to hold the BG in position. To test this hypothesis, 10 subjects (Table 2) RMR was measured once with the ventilated canopy, while subjects rested in the supine position. A second RMR was then obtained with the ventilated canopy, while the subjects held the BG in a position similar to that used during the BG measurements. Owing to the canopy, it was not possible to bring the BG to the mouth; therefore, subjects held the BG next to the canopy. In eight of the 10 subjects, RMR was higher during the simulated BG test. For all subjects, this difference averaged 0.1870.06 kJ/min, or 255781 kJ/day.
After accounting for the estimated energy cost of holding the BG in position (BG adj ¼ 255784 kJ/day), the differences between the SM-2900 and BG adj were no longer significant (P40.05) during trial 1 (64007163 vs 65017151 kJ/day, respectively) or trial 2 (64007163 vs 64427167 kJ/day, respectively). The difference between the BG adj and the SM-2900 ranged from À1084 to þ 992 kJ/day during trial #1 (mean difference ¼ 101767 kJ/d) and À1013 to þ 1193 kJ/ day during trial #2 (mean difference ¼ 46775 kJ/d). When averaged across trials, the Bland-Altman plots showed that there was no trend in the difference between systems ( Figure 5 , mean difference ¼ 747425 kJ/day, r ¼ 0.11, P ¼ 0.499). Of the 82 total observations, 52 (63.4%) of the measurements obtained with the BG adj were within 7419 kJ/ day of the SM-2900. The BG adj RMR was greater then RMR measured by the SM-2900 by more than 419 kJ/day in 18 (22.%) of the trials and was lower than RMR measured by the SM-2900 by more than 419 kJ/day in 12 (14.6%) of the observations. FFM, representative of the most highly metabolically active tissue, is a strong predictor of RMR, explaining B65-90% of the variance in RMR. [14] [15] [16] In the current sample, FFM was strongly correlated with RMR measured by the BG adj (r ¼ 0.86, Po0.0001) and the SM-2900 (r ¼ 0.90, Po0.0001). Finally, we considered the effects of obesity on the accuracy of the BG adj ( Figure 6 ). An often cited limitation of the Harris-Benedict equations is that they overestimate RMR in obese individuals. 2 In the present study, the RMR , N ¼ 9, P ¼ 0.143) subjects, although the difference in obese subjects did not achieve statistical significance. The BG adj and SM-2900 did not differ at any BMI classification and as illustrated in Figure 6 , BG adj more closely tracked RMR across BMI categories compared to the SM-2900 than did the Harris-Benedict estimated RMR.
Discussion
Results of the present study indicate that measurements of RMR obtained with the BG hand-held indirect calorimeter compare favorably with measurements obtained with a proven technology, that is, indirect calorimetry coupled with the ventilated canopy technique. Both systems demonstrated a high degree of reliability between repeated trials and were similarly correlated with FFM, a strong predictor of RMR. Moreover, the magnitude of difference between trials with each system was positively and significantly correlated, suggesting that both systems detected day-to-day variations in RMR within subjects. Reliability of RMR obtained with the BG and SM-2900 were similar and are similar to values reported for other indirect calorimetery systems. 17, 18 Finally, although the BG measurements were significantly higher than those obtained with the SM-2900, at least a portion of the difference appears to be due to the effect on RMR of holding the BG at the mouth. Thus, we conclude that the BG provides valid and reliable measurements of RMR when compared to RMR measured using a commonly used metabolic measurement cart. Despite demonstrating overall good reliability and validity, there was a wide range of level of agreement between the two systems. Across all observations, within-subject differences ranged from the BG adj being 1084 kJ/day lower to 1193 kJ/day greater than the SM-2900. The two systems measured RMR to within 7419 kJ/day during both trials in 14 subjects (B34% of observations) and within 7419 kJ/day during at least one trial in 35 subjects (B83% of subjects). In only six subjects did the systems differ by more than 7419 kJ/day during both trials.
It could be argued that assuming an RQ value of 0.85 adds an additional source of error to RMR measured by BodgyGemt. It can be shown mathematically that for each 0.01 that the actual RQ varies from 0.85, the error in the BodyGemt RMR is 17 kJ/day, which over the range of physiological RQ corresponds to 7255 kJ/day. Thus, we recalculated the RMR measured by the BodyGemt applying the appropriate thermal equivalent of oxygen based on the nonprotein RQ established by Zuntz (as cited in McArdle et al 19 ) measured by the SM-2900 in the corresponding test. Whether an RQ of 0.85 or the actual RQ was used, the mean RMR did not significantly differ in test 1 (67567163 vs 67697163 kJ/day) or test 2 (66977163 vs 67107163 kJ/day). The average difference was 11710 kJ/day during test 1 and 1079 kJ/day during test 2. The corresponding errors amounted to 0.1470.14% (range À2.1 to þ 1.6%) in test 1 and 0.1370.14% (range À2.4 to þ 1.7%) in test 2. Thus, the errors introduced due to an assumed RQ of 0.85 are minimal.
We used the Sensormedics metabolic cart as the criterion measure for evaluating the BodyGemt. It is important, however, to point out that this is not a gold standard, since there is skill involved in its calibration and usage. Nonetheless, this metabolic cart, when used by skilled technicians, is generally considered to provide an accurate measure of RMR. Our results suggest that trained technicians are likely to obtain similar values for RMR when using the metabolic cart and the BodyGemt. In addition, the contribution of biological variability was not considered. Test-to-test differences are due to the summed effects of technological variability, biological variability and error. Within-subject day-to-day coefficients of variation of RMR has been reported to range from 2 to 10%, 20, 17 but to our knowledge, variability in back-to-back RMR measurements has not been reported. In the current study, subjects remained in the supine position and care was used to ensure minimal movement between tests. Moreover, the repeated tests were performed in a counterbalanced order. Thus, we assumed that biological variation was minimal.
The BodyGemt appears to have a similar accuracy and some practical advantages over traditional metabolic carts. First, the cost is significantly less (approximately $2000). In addition, the BodyGemt can be battery operated and easily transported from place to place, while this is much more difficult with metabolic carts. Finally, the BodyGemt is selfcalibrating, while calibration of metabolic carts is an acquired skill. The BodyGemt should increase the accessibility of measures of RMR. Unlike metabolic carts, the device can easily be used in physician offices, by dietitians and in many other health-care settings. The metabolic cart has been confined primarily to research laboratories and hospitals.
It is important to note that measurements in the present study for both devices were made under standard conditions. Such standard conditions are more likely to occur in the research laboratory or in the hospital. When using the BodyGemt in other settings, it is important to ensure that measurements are made under defined conditions.
In conclusion, we report that the BodyGemt provides valid and reliable measurements of RMR compared to the Sensor Medics 2900 indirect calorimeter. Although the BG tended to produce significantly higher values, this appears to be largely due to the increased energy demands required to hold the BG in position. Finally, the BodyGemt appears to provide more accurate measurement of RMR in overweight and obese individuals as compared to that estimated by the Harris-Benedict equations.
